Abstract Molecular motors are enzymes that convert chemical potential energy into controlled kinetic energy for mechanical work inside cells. Understanding the biophysics of these motors is essential for appreciating life as well as apprehending diseases that arise from motor malfunction. This review focuses on kinesin motor enzymology with special emphasis on the literature that reports the chemistry, structure and physics of several different kinesin superfamily members.
Introduction
Molecular motors are enzymes that convert chemical potential energy into controlled kinetic energy for mechanical work (i.e., motion or movement) inside cells. These biological motors come in a variety of flavors, including cytoskeletal motors, rotary motors, nucleic acid motors, protein synthesis and translocation machinery, and dynamic biopolymers. Each motor is designed to perform various tasks inside cells, such as intracellular transport, signal transduction, oxidative phosphorylation, cell motility, nucleic acid translocation, nucleic acid synthesis, endocytosis, protein synthesis, protein translocation across membranes, and cell division. Understanding the chemistry, structure, and physics of these biological motors is essential for appreciating life, as well as for apprehending diseases that arise from malfunction of these motors.
Since the discovery of the first force-generating, microtubule-dependent ATPase that drives fast axonal transport in neurons (Brady 1985; Vale et al. 1985) , a wealth of research has focused on characterizing the structure and function of various members of the kinesin superfamily. These motors convert the free energy of nucleoside 5′-triphosphate hydrolysis (typically ATP) into directed mechanical motion during their interaction with a microtubule track. Most kinesins contain: (1) a catalytic domain (also known as a motor or head domain) responsible for nucleotide catalysis, microtubule binding, and force production, (2) a central α-helical stalk domain involved in coiled-coil interactions to organize the motor into higher order oligomers (e.g., dimers, tetramers), and (3) a tail domain responsible for various subfamily specific functions [e.g., light chain binding domain for kinesin-1 (Hackney 2007) , DNA binding for kinesin-10 ( Vanneste et al. 2011) , ATP-independent microtubule binding domain for kinesin-8 (Weaver et al. 2011 ) and kinesin-14 (Karabay and Walker 1999) ]. Several reviews have been written that summarize the various features of the kinesin superfamily (Hirokawa and Takemura 2004; Marx et al. 2009; Sack et al. 1999; Vale and Fletterick 1997) .
Studying the biophysics of molecular motors has been the focus of many laboratories for decades. The fundamental understanding of enzyme biochemistry, structure, and (particularly for motors) mechanics has been investigated, yet networking the results from these scientific disciplines into a coherent model is often a difficult task. This review focuses on kinesin enzymology with special emphasis on the literature that reports the chemistry, structure and physics of several different kinesin molecular motors. In the first section, I summarize the biochemistry of kinesins, with a focus on the types of kinetic and thermodynamic experiments that researchers have used to study these motors. In this section I also discuss how the interpretation of these results lead to a chemical model for how kinesins catalyze nucleotide hydrolysis and how their partner filaments (microtubules) stimulate their ATPase cycle. In the second section, I provide a detailed summary of the current knowledge of kinesin structure, highlighting the conserved and divergent structural characteristics among the kinesin superfamily, as well as recent structures that have provided much insight into the function of molecular motors. In the third section, I describe the physics of kinesin motors, focusing on the movements and mechanics that are driven by the biochemical reactions in kinesin enzymes for force generation. A dominant feature of this section is the connection of biochemical free energies with the work performed by the motors. In the fourth and final section, several conclusions and future directions for the study of molecular motors are presented.
Chemistry
Although the kinesin superfamily consists of 14-17 different subfamilies with several individual members per subfamily (Dagenbach and Endow 2004; Lawrence et al. 2004; Miki et al. 2005; Wickstead et al. 2010) , only a select few have been studied extensively using a combination of biophysical, biochemical, and structural methodologies. Based on a series of elegant kinetic, thermodynamic, and structural studies, ATPase mechanisms of truncated, recombinant monomeric ( Fig. 1a) and dimeric (Fig. 1b) kinesin motors have been defined (note: the minimal mechanisms presented here are simplified in order to highlight the dominant steps in the cycle and for the purpose of comparing many different members of the superfamily; Tables 1 and 2 ). For monomeric kinesins, the minimal mechanism consists of four consecutive biochemical reactions [ATP binding, ATP hydrolysis, inorganic phosphate (H 2 PO 4 -; P i ) release, and ADP release]. These four reactions can occur in either the microtubule-bound or unbound state. Depending on the family member, the motor affinity for the microtubule varies with the nucleotide state at the kinesin active site (e.g., kinesin-1 binds the microtubule tightly in the nucleotide-free/apo/rigor, ATP-like, and ADP⋅P i -like states, but binds the microtubule weakly in the ADP state). Therefore, the detachment/dissociation and attachment/ association rate constants define the four equilibrium constants at each nucleotide state in the cycle (K d,A = nucleotide-free, K d,B = ATP-like, K d,C = ADP⋅P i -like, K d,D = ADP). The ATP-like and ADP⋅P i -like states are typically achieved with nucleotide and P i analogs, respectively (e.g., AMPPNP, AMPPCP, ATPγS as non-hydrolyzable or slowly hydrolyzable ATP analogs, and ADP with BeF x , AlF x , VO 4 -, SO 4 -as ADP⋅P i analogs). These nucleotide states have revealed structural details for a variety of different ATPases, including kinesins (Table 3) , myosins (Coureux et al. 2004; Gulick et al. 1997; Menetrey et al. 2008; Smith and Rayment 1996) , helicases (Bernstein et al. 2003; Halbach et al. 2012; Luo et al. 2008; Schutz et al. 2010; Xiol et al. 2014) , AAA + motors (Schmidt et al. 2012; Stinson et al. 2013; Yamada et al. 2001) , and RecA (Datta et al. 2003; Rajan and Bell 2004) . For dimeric kinesins, the ATPase mechanism is more complicated due to the intramolecular communication between the two heads of the dimer (Fig. 2) . This intramolecular communication (aka gating) is both chemical and mechanical in nature and functions to ensure one head is tightly bound to the filament at any given point in the cycle for processive motility (Block 2007) . Historically, kinesins have been purified with ADP bound to the active site (Muller et al. 1999) ; and upon interaction with the microtubule, the first head (head 1) tightly binds the filament and releases its bound ADP very rapidly, while the second head (head 2) remains tightly bound to ADP and weakly bound to the microtubule (Ma and Taylor 1997) . Upon ATP binding to head 1, a conformational change in the motor domain induces the neck linker to dock (Asenjo et al. 2006; Khalil et al. 2008; Rice et al. 1999; Rosenfeld et al. 2001; Skiniotis et al. 2003; Sugata et al. 2004; Sugata et al. 2009 ) and thus bias the diffusional search by head 2 toward its next microtubule binding site in the direction of the plus-end. Head 2 will tightly bind the microtubule and rapidly release its ADP, leading to a Bstrained^complex with two heads tightly bound to the microtubule, thus resulting in significant head-head tension (Hariharan and Hancock 2009; Hyeon and Onuchic 2007) . This intramolecular strain is thought to decrease the affinity of the front head (head 2) for ATP until the rear head (head 1) hydrolyzes ATP and detaches from the microtubule (Guydosh and Block 2006; Klumpp et al. 2004b; Rosenfeld et al. 2003) , as well as to trigger ATP hydrolysis and accelerate detachment of the rear head (Crevel et al. 2004; Farrell et al. 2002; Schief et al. 2004; Yildiz et al. 2008) . After ATP hydrolysis and P i release from the rear head (head 1), this head detaches and effectively brings the motor to the beginning of the cycle, with the exception that the heads have swapped position (i.e., head 1 is now tightly bound to ADP and weakly bound to the microtubule, and head 2 is tightly bound to the microtubule where it awaits ATP binding). This finely tuned mechanochemical cycle maintains head-head coordination in order to keep each head's ATPase cycle out of phase so that the motor is able to take hundreds of steps (for kinesin-1, kinesin-7 and kinesin-8), five to ten steps (for kinesin-5), or thousands of steps (for kinesin-3) along the microtubules without completely detaching and diffusing away from the track (this topic is discussed in more detail in the BPhysicsŝ ection of this review).
In the absence of microtubules, most purified kinesin motors are unstable and will denature when the nucleotide is removed SGC Structural Genomics Consortium Toronto; N/A Not applicable from its active site (Pechatnikova and Taylor 1997; Sadhu and Taylor 1992) . Past studies with monomeric kinesin-5 (Eg5) have demonstrated that the motor domain is stable and active when purified away from the bound ADP (Cochran and Gilbert 2005) . Using kinetic (Cochran and Gilbert 2005; Cochran et al. 2006; Cochran et al. 2004; Rosenfeld et al. 2005 ) and thermodynamic (Zhao et al. 2010 ) methodologies, the energy landscape has been defined in the absence and presence of microtubules (note: a more thorough discussion of this energy landscape is found in the BPhysics^section of this review). The microtubule modulates the energy landscape in three major ways: (1) by accelerating the rate of ATP binding, (2) by weakening ADP binding, and (3) by accelerating the rate of ADP release. Thus, the microtubule acts as an ATPase-activating protein as well as an ADP-exchange factor, analogous to GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) for small G proteins (Bos et al. 2007 ).
Steady-state ATPase
The kinetic study of kinesin family members has been made possible through the purification of truncated constructs from a recombinant source (usually Escherichia coli or baculovirus). After preparation, the protein concentration must be established using available methods (e.g. Bradford assay or ultraviolet light absorbance at 280 nm). The first step in understanding the kinetic properties of the motor is to determine the microtubuleactivated Michaelis-Menten steady-state ATPase activity of kinesin, which simply requires measuring the products of ATP hydrolysis (ADP or P i ) produced as a function of time [note: see De La Cruz and Ostap (2009); Gilbert and Mackey (2000) for methods to monitor hydrolysis product formation].
The aim of such experiments is to characterize the steady-state kinetic parameters (k cat , K m,ATP , K 0.5,MT ) using a set of reciprocal experiments. In the first experiment, the microtubule concentration is kept constant and in excess (ideally 10-fold higher than the K 0.5,MT ) and the ATP concentration is varied. The initial ATPase velocity (i.e., v o , slope of a plot of product formed over time) is then plotted against ATP concentration and the data fit to the Michaelis-Menten equation (Michaelis and Menten 1913; Michaelis et al. 2011) :
where [E] In the second experiment, the ATP concentration is kept constant and in excess (ideally 10-fold higher than K m,ATP ) and the microtubule concentration is varied. The initial ATPase velocity is plotted against microtubule concentration and the data fit to the following quadratic equation since (1) [E] o is rarely 100-to 1,000-fold lower than the lowest microtubule concentration in the experiment, (2) the microtubules are not consumed in the reaction (whereas ATP does get consumed as a figure) . The coiled-coil stalk (gray) and neck linker (red) are highlighted in each state. Coloring of the kinesin motor core represents three structural states: dark blue strongly ADP-bound, weakly microtubule-bound, neck linker undocked; cyan weakly nucleotidebound, strongly microtubule-bound, neck linker undocked; magenta strongly ATP-or ADP•P i -bound, strongly microtubule-bound, neck linker docked. Dimeric kinesin-1 motors are purified with ADP tightly bound to both active sites. The first head to strongly interact with the microtubule (head 1) will rapidly release its bound ADP to reach the nucleotide-free/apo/rigor state (state 1). Since head 2 remains unattached to the microtubule, head 1 is able to bind ATP, which docks the neck linker of head 1, biasing head 2 forward (i.e., toward the MT plus-end) to the next binding site on the same MT protofilament (state 2). ATP hydrolysis on head 1 is concomitant with tight microtubule-binding by head 2 to rapidly release its ADP product (state 3). Upon Pi release from head 1, intramolecular strain coupled to conformational changes in the ADP state of head 1 lead to weakening of head 1's interaction with the MT (state 3). After detachment of head 1 from the MT, the kinesin effectively reaches state 1 with the exception that the heads trade places (i.e., head 2 is nucleotide-free/apo/rigor while head 1 is ADP-bound and detached from the MT). The transition from state 3 to state 4 leads to a release of the intramolecular tension that is thought to provide a mechanical gating of ATP binding to the front head substrate), and (3) microtubules typically bind very tightly to kinesin (Morrison 1969 ). Thus,
where [E] (Alonso et al. 2007; Arora et al. 2014; Friel and Howard 2011; Gigant et al. 2013; Hertzer et al. 2006) . Tubulin-stimulated ATPase activity in kinesin can be assayed in a similar manner as described above [i.e., with [ATP] held constant and in excess (10-fold higher than K m,ATP ) while the concentration of unpolymerized tubulin is varied]. One must be thorough and also perform an ATP-concentration dependence test with excess tubulin heterodimer (ideally 10-fold higher than the K 0.5,tub ) to test if the substrate binding affinity is different when kinesin is bound to tubulin heterodimers rather than polymerized microtubules. An important consideration for this analysis would be to test that the tubulin is not polymerizing under the experimental conditions. Sedimentation and light microscopy using fluorescently labeled tubulin are two commonly used experimental strategies to provide evidence that tubulin remains soluble and unpolymerized. Also, recent studies have demonstrated a designed ankyrin repeat protein (DARPin) that blocks longitudinal interaction between tubulin dimers along the protofilament axis, thus preventing microtubule polymer formation (Gigant et al. 2013; Pecqueur et al. 2012 ). This biochemical reagent can be useful to ensure non-polymerizable tubulin conditions. Steady-state ATPase assays have also been useful for assessing the binding affinity of allosteric inhibitors of multiple different kinesin motors (Catarinella et al. 2009; Cochran et al. 2005; DeBonis et al. 2003; Maliga et al. 2002; Skoufias et al. 2006; Tcherniuk et al. 2010; Wood et al. 2010) . Typically, these steadystate assays are designed by varying the inhibitor concentration in the presence of excess ATP and microtubule concentrations. However, with this added reagent to the ATPase reaction, one can determine the ATP affinity (vary [ATP] while keeping microtubule and inhibitor concentrations constant) and microtubule affinity (vary microtubule concentration while keeping [ATP] and inhibitor concentration constant) in the presence of the inhibitor (Cochran et al. 2005) . Results from these experiments are important for deciphering the mechanism of kinesin inhibition and establish the foundation for the design of subsequent kinetic and thermodynamic experiments.
Together, these steady-state assays provide information on important properties of the kinesin enzyme, including the apparent binding affinities for ATP (K m,ATP ) and microtubules (K 0.5,MT ), as well as the quantitative measure of the maximum rate of ATPase activity (k cat ). However, since the Michaelis-Menten theory does not adequately model even the minimal ATPase mechanism for kinesin ( Fig. 1) , one must be careful in the interpretation of the meaning of these steady-state kinetic parameters. Also, the determination of the k cat requires an accurate measure of the active enzyme population, which can be a very challenging task for a protein enzymologist. Monomeric kinesins have been shown to have a range of microtubule-stimulated k cat values, i.e., 0.5-80 s -1 , K m,ATP values of between 9 and 90 μM, and K 0.5,MT values of between 0.01 and 10 μM ( Table 1) . The enzymatic efficiency (k cat /K m,ATP ) and the biochemical Bprocessivity^[k bi = k cat /K 0.5,MT ; (Hackney 1995a; Hackney 1995b) ] of the motor can be derived from the steady-state constants, which range from 0.04 to 0.9 μM -1 s -1 and from 0.07 to 405 μM -1 s -1
, respectively. For dimeric kinesin motors (Table 2) , respectively. Despite the relatively minimal information attained through these assays, this information is essential for the design of more complicated presteady-state experiments to measure intrinsic rate constants for ATP binding/release, microtubule association/ dissociation, P i release, and ADP binding/release, as well as for the design of parameters for cosedimentation experiments.
Microtubule⋅kinesin cosedimentation
Cosedimentation experiments have historically been performed to quantify the concentration of kinesin that pellets (or sediments) with microtubule polymers after ultra-high speed centrifugation. Since this methodology provides the effective dissociation constant (K d ) of an ensemble of kinesin states, various nucleotides (or nucleotide analogs) can be added in excess to the reaction to assess how different nucleotide states can influence microtubule binding affinity. For this assay, the kinesin concentration is typically kept constant, and microtubules are titrated into the reaction where they are allowed to equilibrate prior to centrifugation at ultra-high speed. Samples of the supernatant and pellet are prepared for analysis by SDS-PAGE. The fraction (f) of total kinesin [E] o bound to microtubules [E⋅MT] is plotted as a function of microtubule concentration, and the data are fit to a quadratic equation (Eq. 6):
To ascertain mechanistic information for the kinesin affinity for microtubules at various nucleotide states (nucleotidefree/apo/rigor: apyrase or alkaline phosphatase treatment; ATP-like: AMPPNP, AMPPCP, ATPγS; ADP⋅P i -like: ADP + BeF x , AlF x , VO 4 -, SO 4 -; ADP; steady-state ATP hydrolysis), care must be taken to ensure that the Bequilibrium population^being studied demonstrates a valid biochemical state that will lead to sound interpretation. For example, if you want to characterize the fraction of kinesin motors bound to microtubules under steady-state ATP hydrolysis conditions, the concentrations of reagents and timing for incubation prior to sedimentation must be correct to monitor the binding under Bsteady-state^ATP turnover conditions. Often an ATPregeneration system [pyruvate kinase/phospho(enol)pyruvate or creatine kinase/phosphocreatine] will assist in keeping ATP concentrations Bconstant,^but may interfere with densitometry analysis of Coomassie-stained SDS-polyacrylamide gels. Overall, this cosedimentation methodology is very powerful in elucidating the mechanochemistry of a kinesin motor and is a relatively simple experiment to perform in a biochemistry laboratory.
Care must be taken in the design and interpretation of cosedimentation results. Typically, these experiments rely on Coomassie-stained SDS-polyacrylamide gel and densitometry analysis, which sets the lower limit for the concentration of kinesin used in the experiment. Under most nucleotide conditions, kinesin binds tightly to microtubules (usually a 10-to 100-fold lower K d than the kinesin concentration) and renders an inaccurate measurement of the binding constant.
Alternative SDS-gel staining methods (e.g., Sypro Ruby; Life Technologies, Carlsbad, CA) have been utilized to perform the cosedimentation experiments at lower kinesin concentrations (Allingham et al. 2007) , however the error in the standard curve using low quantities of protein (5-20 ng) renders experimental reproducibility difficult, ultimately leading to large standard deviations in observed binding constants (±10-30 %). It is possible that emerging technologies, such as microscale thermophoresis (Seidel et al. 2013) or isothermal titration calorimetry (Devred et al. 2010; Tsvetkov et al. 2013) , will provide a means to accurately determine the kinesin-microtubule binding constant under various nucleotide conditions.
ATP binding
The kinetic mechanism of substrate binding to an enzyme is very important in enzymology. This is especially true for nucleotide binding to kinesin motors since conformational changes during MgATP binding are central to harnessing of the free energy of ATP hydrolysis for force production (Rice et al. 1999) . Depending on how the observed rate of the reaction changes as a function of ATP concentration, the data can reveal the presence of intermediate steps after (or before) ATP binding that limit the rate of this reaction. Several methodologies are available for measuring the presteady-state ATP binding kinetics for kinesins, including fluorescent nucleotide binding experiments (mant-ATP), radiolabeled pulse-chase methodologies, FRET methods, and intrinsic protein fluorescence experiments (in the absence of microtubules). All kinesins studied to date have demonstrated (at least) a two-step rapid equilibrium binding mechanism in the presence or absence of microtubules. This binding mechanism can follow two similar (yet distinct) pathways:
In the first mechanism (Eq. 7), the ATP substrate collides with the kinesin motor (E) and weakly interacts. Then, upon a reversible isomerization (i.e., change in conformational state) of the E⋅S complex, the motor tightens its interaction with ATP to form the E * ⋅S intermediate. In the second mechanism (Eq. 8), the motor undergoes a reversible isomerization prior to binding the ATP substrate, which is followed by tight ATP binding. The difference between these two mechanisms centers on the timing of the reversible isomerization step (i.e., a conformation change after or before ATP binding, respectively). Either mechanism satisfies the curvature in the concentration dependence of the observed reaction rate, which is indicative of (at least) a two-step mechanism approaching a maximum rate that is limited by a first-order isomerization of the E⋅S complex (or E prior to binding ATP).
Monomeric ; Table 2 ). These kinetic constants indicate that kinesin motors have diverse ways of interacting with ATP substrate and that the structural interpretation for these kinetics may not be as straightforward as some have suggested (Chang et al. 2013 ).
ATP hydrolysis
After ATP binds tightly to the kinesin core, the motor can adopt the necessary active site configuration that promotes rapid hydrolysis of the γ-phosphate from ATP. In certain kinesins [e.g., monomeric Drosophila kinesin-10 in the absence and presence of microtubules (Cochran et al. 2009 ); monomeric human kinesin-13 in the absence of microtubules (Friel and Howard 2011) ] and microtubule-stimulated dimeric human kinesin-5 (Krzysiak and Gilbert 2006) ], this conformational change in the core represents the slow, rate-limiting step in the pathway. For other well-characterized kinesins, this reaction is relatively fast during the ATPase cycle (Tables 1  and 2 ), so the time spent in the ATP-bound state is transient. Subsequent to the characterization of ATP binding kinetics, rapid acid-quench-flow methodologies are used to measure the kinetics of the ATP hydrolysis reaction (Gilbert and Mackey 2000; Johnson 1992 ). However, since the kinetics of ATP binding precede the hydrolysis reaction, care must be taken in the interpretation of observed kinetics determined by acid-quench experiments. Normally kinetic simulation and global data fitting software are utilized to fit presteady-state data to the minimal mechanism based on numerical integration of the rate equations [e.g. DynaFit (Kuzmic 1996) , KINSIM/FITSIM (Barshop et al. 1983; Zimmerle and Frieden 1989) (Admiraal and Herschlag 1995; Khan and Kirby 1970; Thatcher and Kluger 1989) . A substantial amount of data supports a largely Bdissociative^mechanism for phosphoanhydride hydrolysis in which bond cleavage precedes nucleophilic attack by the lytic water molecule, thus leading to a metaphosphate-like transition state (Bunton and Chaimovi 1965; Halkides and Frey 1991; Lightcap and Frey 1992; Miller and Ukena 1969; Miller and Westheim 1966a; Miller and Westheim 1966b) . Recent studies using combined quantum-mechanical/molecular-mechanical metadynamics simulations support the Bdissociative^model of ATP hydrolysis by kinesin whereby two water molecules participate in proton transfer to ultimately the P i product (McGrath et al. 2013 ). These two water molecules (one Blytic^water molecule located proximal to the γ-phosphate and a second Brelayŵ ater molecule positioned between the lytic water molecule and the switch-2 glutamic acid that forms a salt bridge with the switch-1 arginine; for more detail, see the BStructure^section of this review) establish a network of hydrogen bonds in the hydrolysis-competent conformation of motor ATPases (Dittrich et al. 2003; Dittrich et al. 2004; Grigorenko et al. 2011; Grigorenko et al. 2007; Hayashi et al. 2012; Onishi et al. 2004; Parke et al. 2010; Schwarzl et al. 2006) .
This Bhydrolysis-competent^conformational state of the motor must be a very transient (i.e., short-lived) structural intermediate that rapidly isomerizes to a state that is not conducive for ATP synthesis for monomeric kinesins in the absence and presence of microtubules, yet the trailing head in a dimeric kinesin does show propensity for ATP synthesis (Hackney 2005) . Despite having an abundant quantity of data available on the ATP hydrolysis reaction and various conformational states of motor ATPases, it remains unknown how sequential conformational changes in hydrolases catalyze nucleotide bond cleavage.
P i release
After ATP hydrolysis produces its reaction products (ADP and P i ), P i product release occurs first, followed by ADP release. For most kinesins, P i release leads to an allosteric change in the microtubule-binding region that weakens the motor's affinity for the microtubule (see below). Therefore, P i release is one of the pivotal reactions in the kinesin ATPase cycle, yet arguably the most difficult to experimentally study since it is a transient step buried deep within the mechanism. Although P i release is typically a rapid reaction in the basal ATPase cycle, monomeric kinesin-1, kinesin-5, and kinesin-7 motors demonstrate rate-limiting P i release for their microtubulestimulated ATPase cycles [ (Cochran and Gilbert 2005; Cochran et al. 2006; Cochran et al. 2004; Cochran et al. 2011; Moyer et al. 1998; Rosenfeld et al. 2001; Rosenfeld et al. 2009 ); Table 1 ].
Experimental strategies have been developed to directly measure the rapid kinetics of P i release from kinesin in the absence and presence of microtubules using a fluorescence-coupled assay (Brune et al. 1994; White et al. 1997 ). This strategy relies on the very rapid (i.e., near diffusion-limited reaction) and tight (K d,Pi~1 00 nM) binding of P i to a modified phosphate-binding protein with the MDCC fluorophore (MDCC-PBP; Phosphate Sensor® from Life Technologies). This reagent can be rapidly mixed in a kinesin-catalyzed ATPase reaction using a stopped-flow fluorimeter, and fluorescence can be monitored over time to measure the kinetics of P i release. After ATP hydrolysis, P i is released from the kinesin active site, followed by rapid and tight P i binding to MDCC-PBP, thus triggering a five-to sixfold fluorescence enhancement of the MDCC-PBP⋅Pi complex. Since this assay is very sensitive to P i in solution, a BP i mopĉ onsisting of 7-methylguanosine and purine nucleoside phosphorylase must be added to effectively eliminate background P i before the ATPase reaction is initiated (Cochran and Gilbert 2005) . Depending on the intrinsic rate constant for P i release in relation to the other steps in the ATPase cycle, various outcomes are possible for the observed rate of reaction (e.g., linear kinetics if P i release is the rate-limiting step or burst kinetics if a step after P i release is rate-limiting). Also, the presence or absence of an initial exponential lag phase can provide insight into the rate of a given reaction prior to P i release, which can be compared with observed rates of ATP binding or ATP hydrolysis reactions. Kinetic simulation and global data fitting software ought to be utilized to model the intrinsic rate constant for P i release since both the ATP binding and ATP hydrolysis steps precede this reaction (note: P i rebinding to kinesin can be ignored due to the P i binding to MDCC-PBP rendering the reaction kinetically irreversible).
MgADP release
The final reaction that completes the kinesin ATPase cycle is MgADP release to reach the nucleotide-free/apo/rigor state. For the basal ATPase cycle, this step represents the rate-limiting reaction for most (but not all) kinesin motors ( Table 1 ). The observed presteady-state rate of ADP release in the absence of microtubules is typically similar to the measured basal ATPase activity, strengthening the argument for ADP release being rate-limiting in the cycle (Table 1) . However, in the presence of microtubules, the rate of ADP release is dramatically accelerated for most kinesins (3-5 orders of magnitude). For kinesin-14 motors, the rate of MgADP release remains the rate-limiting step in the mechanism, but for other kinesins, the rate of this reaction no longer limits steady-state ATPase activity (Tables 1 and 2 ). The mechanism of MgADP release has been the subject of multiple investigations since the discovery of kinesin, yet it remains a poorly understood step in the kinesin ATPase cycle. Several techniques are available to measure the presteady-state rate constants for MgADP binding and release, including mant-ADP fluorescence (both direct excitation/emission and FRET from protein tryptophans and tyrosines), intrinsic tryptophan fluorescence (in the absence of microtubules), and radiolabeled ADP chase experiments using a rapid ATP regeneration s y s t e m . O n e c a n a l s o m e a s u r e t h e k i n e s i n o r microtubule⋅kinesin complex binding affinity for ADP using mant-ATP binding competition assays (De La Cruz and Ostap 2009; Zhao et al. 2010) . Each method has advantages and limitations that must be taken into consideration when determining the mechanism of ADP product release. If nucleotide-free kinesin can be attained, the kinetics of MgADP binding can be measured in the absence of microtubules (Cochran et al. 2009; Zhao et al. 2010) . Most kinesins are stable in the nucleotide-free state when bound tightly to microtubules. Therefore, presteadystate MgADP binding kinetics can be measured for the microtubule⋅kinesin complex (Table 1 ). The mechanism of MgADP binding ought to provide insight into the pathway for ADP release from kinesins since the intrinsic rate constants that govern the minimal mechanism can be derived from the fit of the ADP concentration dependence of the observed reaction rate (Johnson 1992) .
All kinesins studied to date have demonstrated (at least) a two-step rapid equilibrium binding mechanism for MgADP binding in the presence or absence of microtubules. As with MgATP binding, this binding mechanism can follow two similar (yet distinct) pathways:
The difference between these two mechanisms centers on the timing of the reversible isomerization step (i.e., a conformation change after or before ADP binding, respectively). Although the reversible isomerization of the kinesin motor domain has been demonstrated using enzyme kinetics, the details of the structural changes that drive this isomerization remain mysterious.
Monomeric , respectively; Table 1 ). As with MgATP binding, the variability of rate constants governing MgADP binding suggests that the conformational changes occurring in each motor extend beyond the conserved active site motifs. What remains an unexplainable phenomenon is the symmetry of the rate constants that limit the isomerization reactions for MgATP and MgADP binding. For example, these rates were measured at 0.5-1 s -1 for monomeric kinesin-5 in the absence of microtubules using multiple different methodologies (Cochran and Gilbert 2005) , suggesting the rate-determining structural change is dictated by a reaction that does not require the presence of the nucleotide γ-phosphate.
Microtubule detachment and binding
How kinesin motors convert the energy of ATP hydrolysis into directed mechanical work largely relies on allosteric changes in the region of the motor that interacts with the microtubule in order to modulate binding affinity. A wealth of data supports the notion that the kinesin nucleotide state modulates the microtubule binding affinity and vice versa. Thus, not only measuring the equilibrium binding constants under different nucleotide conditions (as described above), but also measuring the kinetics of microtubule binding (aka microtubule association) and microtubule detachment (aka microtubule dissociation) is important for deciphering the kinesin ATPase mechanism.
These presteady-state experiments have been adopted from similar methodologies from the actomyosin (Finlayson et al. 1969; Finlayson and Taylor 1969) and axonemal dynein systems (Porter and Johnson 1983) . Solution turbidity (λ= 340-350 nm at 180°to the incident beam) and light scattering (λ=420 nm at 90°to the incident beam) provide optical signals for kinesin binding to or detaching from microtubules, which can be monitored over time in a rapid mixing stoppedflow fluorimeter. This experimental design depends on: (1) the turbidity/light scattering signal from the microtubule⋅kinesin complex is greater than the sum of turbidity/light scattering signals from the individual components; (2) the formation of or dissociation of the microtubule⋅kinesin complex follows simple exponential kinetics; (3) the initial and final equilibrium states can be characterized using other biophysical methodologies, such as cosedimentation or analytical ultracentrifugation, to confirm either complex formation or dissociation (Finlayson et al. 1969) . For measuring the kinetics of microtubule⋅kinesin complex formation, kinesin motors under various nucleotide conditions are rapidly mixed with increasing concentrations of taxol-stabilized microtubules, and the observed rate of the change of turbidity/light scattering is plotted as a function of microtubule concentration. The fit of the data provides the apparent second-order rate constant for kinesin association with microtubules. For measuring the kinetics of microtubule⋅kinesin complex dissociation, the microtubule⋅kinesin complex is rapidly mixed with increasing concentrations of MgATP + extra salt (typical ionic strength 100-200 mM). The MgATP triggers the kinesin to detach from the microtubule during the ATPase cycle, whereas the increased ionic strength promotes weak microtubule⋅kinesin interaction, thus shifting the kinesin population towards its detached state. The observed rate of turbidity/light scattering is plotted as a function of MgATP concentration, and the hyperbolic fit provides the maximal rate of kinesin dissocation and the relative binding affinity of kinesin for MgATP.
Structure
The very first glimpse into how the kinesin motor is built came from determination of the high-resolution structure of the kinesin-1 motor domain based on by X-ray crystallography [ Fig. 3 ; (Kull et al. 1996) ], which showed that the kinesin-1 motor has many similarities with the related myosin motor domain (Rayment et al. 1993 ). Since then, over 100 kinesin structures from multiple families have been deposited into the Protein Data Bank (PDB; Table 3 ). and detailed reviews of these structures have been published (Kull 2000; Kull and Endow 2002; Marx et al. 2009; Marx et al. 2005; Woehlke 2001 ).
The kinesin motor domain contains: (1) the motor core consisting of an αβα fold with three α-helices on each side of an eight-stranded β-sheet; (2) a family-specific neck-linker sequence immediately preceding or following the core in its primary sequence; (3) a motif called the cover strand at the opposite terminus relative to the neck linker (e.g., kinesin-5 has its neck linker at the C-terminus and the cover strand has its neck-linker at the N-terminus relative to the core). The neck linker is central for energy transduction in kinesin motors (Rice et al. 1999; Schief and Howard 2001) and is also important for communicating strain between the two motor domains of dimeric kinesins to chemically and physically gate the mechanochemical cycle (Guydosh and Block 2006; Hwang and Lang 2009; Hyeon and Onuchic 2007; Jaud et al. 2006; Miyazono et al. 2010; Rosenfeld et al. 2003; Shastry and Hancock 2010; Yildiz et al. 2008) . Although the neck linker and the cover strand are at opposite ends of the core in the primary sequence, they are in close tertiarystructural proximity due to the physical location for where the N-and C-termini enter and exit the core, respectively (Fig. 3) . The cover strand interacts with the neck linker to form the cover-neck bundle, which is thought to participate in force generation (Hwang et al. 2008; Khalil et al. 2008 ).
The core contains several key structural motifs present in all kinesin motors. First, located on opposite sides of the eightstranded β-sheet are the nucleotide binding pocket and the microtubule-binding interface (β5-L8 lobe, L11, and the BSw2 cluster^comprised of α4-L12-α5; Sosa et al. 1997; Woehlke et al. 1997) . Second, conserved motifs called the phosphate binding loop (P-loop: Walker A motif consensus GxxxxGKT/S located at L4), switch-1 (Sw1: NxxSSR located at the β6-L9 junction), and switch-2 (Sw2: Walker B motif, DxxGxE located at the β7-L11 junction) undergo conformational changes during the ATPase cycle in response to the presence (e.g., ATP-bound state) or absence (e.g., ADPbound or nucleotide-free/apo/rigor states) of the γ-phosphate. These structural changes are reciprocally related to-and thus modulate-the conformations of the neck linker/cover strand, and vice versa (Block 2007; Hwang et al. 2008; Khalil et al. 2008; Rice et al. 1999; Zhao et al. 2010 ). Third, a conserved motif called N-4 (consensus: RxxP) establishes interaction with the purine nucleotide base.
Central to the kinesin motor domain is an eight-stranded β-sheet (topology β2-β1-β8-β3-β7-β6-β4-β5; Fig. 3e ) which serves as the core element that structurally connects the nucleotide-binding pocket and the microtubule-binding region. This central β-sheet has shown slightly variable degrees of right-handed twisting, which is thought to be important for the geometry and function of the motor domain (Kull and Endow 2013) . Since most kinesins have been crystallized with bound nucleotide (Table 3) , the degree of twisting has been very similar. However, recent crystal structures have demonstrated significant increases in right-handed twist or Bovertwisting^of the kinesin β-sheet ( Fig. 4 ; (Arora et al. 2014; Gigant et al. 2013 ), similar to the Bover-twisting^seen in myosin's β-sheet as it transitions from the nucleotide-bound state to the nucleotide-free state (Cecchini et al. 2008; Coureux et al. 2003; Reubold et al. 2003) [note: the Bnucleotidefree^state has historically been called the Brigor^state since myosin binds very tightly to actin filaments in this nucleotide state]. The degree of Bover-twisting^(τ avg =9.1±4.3°; range 3.9-13.2°; Fig. 4f ) observed in kinesins transitioning between the nucleotide-bound to nucleotide-free rigor states was comparable to that seen in myosin-V (τ avg =6.7±4.8°; range 1-14°; Cecchini et al. 2008) , which supports the hypothesis for common allosteric communication in cytoskeletal motors via the twisting of the central β-sheet. Indeed, theoretical studies on the origin of β-sheet twisting have demonstrated that the conformational energy associated with perturbing the structure of a β-sheet (through Btwisting^, Bbulging,^and Bbending^) provide physical Breservoirs^of conformational free energy in globular proteins (Shamovsky et al. 2000a; Shamovsky et al. 2000b ). Examination of the number of hydrogen bonds formed between residues of the central β-sheet reveals that five more hydrogen bonds are formed in the Bunder-twisted^nucleotide-bound state compared to Fig. 3 Kinesin structure and topology. The monomeric human kinesin-1 structure (1BG2; Kull et al. 1996 ) is depicted in four distinct orientations: a front, b back, c left side, d right side. Secondary structure elements (α-helices, β-strands, and loops) are colored blue, gold, and red, respectively. Mg 2+ and ADP are shown as space-fill model and are colored magenta and cyan, respectively. e Topology diagram of the kinesin motor domain shows α-helices (circles; shaded blue; up/down direction indicated by loop attachment), β-strands (triangles; shaded gold; up/down to depict orientation), and loops (red lines) as rendered from (Kull et al. 1998) the Bover-twisted^rigor-like state, which amounts to 10-50 kJ mol -1 bond energy. This Bstored^bond energy may provide the biophysical basis whereby kinesin motors can accelerate their rates of product release during their ATPase cycles (for more details, see the BPhysics^section of this review). Interestingly, Hsp70 ATPases have also demonstrated nucleotide-dependent conformational changes in their central β-sheet (Zhuravleva et al. 2012; Zhuravleva and Gierasch 2011) , suggesting this means of allosteric communication in proteins may be quite prevalent.
Structural differences among kinesin members result in differences in the intrinsic rate and equilibrium constants that govern the ATPase cycle. Although the detailed structural mechanism of the nucleotide-and microtubule-driven conformational changes remains largely unknown, a current model exists for processive kinesins and is largely based on studies of kinesin-1. The nucleotide state at the active site is thought to trigger a conformational change that is transmitted to the adjacent microtubule-binding regions of the core. Communication between the active site and the microtubule binding region is achieved through two prominent structural pathways: (1) Sw1 to α3 to the β5-L8 lobe (Cochran et al. 2009; Ogawa et al. 2004 ) and (2) Sw2 to L11 to helix α4 to the remainder of the BSw2 cluster^ (Rice et al. 1999; Sindelar and Downing 2007; Vale and Milligan 2000) . The Sw2 cluster also controls the orientation of the neck linker in alternate conformations that result in directed force production and motility stabilization (Gigant et al. 2013; Kikkawa et al. 2001 ). Cryo-electron microscopy (cyro-EM) studies have provided key insights into the conformational changes that kinesin motor domains undergo during their ATPase cycle, and recent advances in image processing algorithms have provided moderate/high resolution structures of these complexes (Table 4) .
Family-specific motifs modulate the structural communication of various kinesins during their mechanochemical cycles. For example, L5 plays an important role during the kinesin ATPase cycle and has been the subject of several studies due to its location in the motor domain (it interrupts the long α2 helix immediately downstream of the P-loop; Fig. 3 ), variability in length across the superfamily (6-21 residues), and forming part of the binding pocket for various kinesin-5/ Eg5 inhibitors (Brier et al. 2004; Kaan et al. 2010; Maliga et al. 2006; Talapatra et al. 2012; Yan et al. 2004 ). L5 wast proposed to first undergo conformational changes upon nucleotide binding during the kinesin-5 ATPase cycle (Cochran et al. 2005 ) and has since been found to function as a Bconformational latch^to structurally and kinetically regulate its stepping behavior (Behnke-Parks et al. 2011; Parke et al. 2010; Waitzman et al. 2011) . Specific interactions of the Bmicrotubule-sensing latch^L7 with Sw1 and Sw2 have been implicated in the mechanism of MgADP product release from the active site of the kinesin-3 motor KIF1A (Nitta et al. 2008) . For kinesin-13 motors, microtubule depolymerization activity relies on an extended L2 that contains the sequence BKVD^(also called the BKVD finger^), which has been shown to be necessary for microtubule depolymerization activity of these motors (Ogawa et al. 2004 ). This extended L2 is located within the conserved β-lobe near α6 (Fig. 3) ; however, the actual function of this β-lobe has remained elusive. The authors of a recent molecular dynamics simulation study aimed at investigating the role of this β-lobe in the mechanical stepping behavior in kinesin-1 suggested that it functions to amplify movements in the neck linker for processive motility (Geng et al. 2014) . Side (a) and end (b) views of the kinesin β-sheet after a nucleotide-bound structure (1BG2; Kull et al. 1996) was aligned with a rigor-like structure (4OZQ; Arora et al. 2014 ) using the main chain atoms of the P-loop. Mg 2+ and ADP are shown as space-fill model and are colored magenta and cyan, respectively. c The root-mean-square deviation (RMSD) of complementary residues is plotted for each individual β-strand. d Individual β-strand curvature based on the sum of sequential C α distances for each β-strand residue (i=initial residue, i+x=final residue) divided by the total distance from initial to final C α ∑ iþx i Di→iþ1 ð Þ Di→iþx ! plotted for nucleotide-bound and rigor-like structures. e β-strand torsion angles (τ) relative to β1 are plotted to quantify the degree of twisting within the entire β-sheet. Torsion angles were calculated using the following equation for each individual β-strand:
, where c β 1 and c β 2 are the unit vectors for each respective β-strand (Cecchini et al. 2008) . f The change in each individual β-strand torsion angle (Δτ) as the kinesin central β-sheet transitions from nucleotide-bound (1BG2) to rigor-like (4OZQ) states
Most kinesins walk along the microtubule lattice in a directional manner, either moving towards the plus-end or minus-end of the microtubule (Wade and Kozielski 2000) . Traditionally, kinesins which have their motor domain located at the N-terminus of the heavy chain (i.e., N-class kinesins; e.g., kinesin-1) have shown plus-end directed motility, while kinesins with their motor domain located at the C-terminus (i.e., C-class kinesins; e.g., kinesin-14) have demonstrated minus-end directed motility. It was originally thought that directionality was caused by inherent differences in the structure of the motor domains of N-class and C-class kinesins (Henningsen and Schliwa 1997) . However, crystal structures of the motor domains of kinesin-1 and kinesin-14 show very few structural differences (Kull et al. 1996; Sablin et al. 1996) , while dimeric structures obtained through cryo-EM show significant differences in the orientation of the two motor domains relative to one another, with both having their unattached heads pointing in the direction they move along the microtubule (Arnal et al. 1996; Hirose et al. 1996; Kozielski et al. 1999; Sablin et al. 1998) . Furthermore, dimeric chimeras with the motor core from kinesin-14 and stalk and neck regions from kinesin-1 show plus-end directed movement, despite the fact that the motor domains are from a minus-end directed motor (Henningsen and Schliwa 1997) . Likewise, chimeras with the kinesin-1 motor core and kinesin-14 neck and stalk regions show minus-end motility (Endow and Waligora 1998) . Taken together, these results suggest that directionality is determined primarily by structures outside the conserved motor core (Case et al. 1997 ).
The neck linker, which connects the motor core to the stalk, has been shown to reorient in response to the nucleotide state of the motor domain (Rice et al. 1999) and is thought to be responsible for positioning the detached motor head in the dimers towards either the plus-or minus-end of the microtubule, as seen in the dimeric structures of kinesin-1 and kinesin-14 (Rice et al. 1999) . Additionally, mutant studies of kinesin-14 chimeras have also indicated that interactions between the neck region and the stalk are critical for maintaining minus-end directed movement. Mutant motors that lack critical core-interacting residues result in the slowing of kinesin-14 walking towards the plus-end of microtubules (Sablin et al. 1998) . Disrupting the interaction between the neck linker and the motor domain in kinesin-1 also significantly impairs motility (Case et al. 2000) , suggesting that interactions of the motor core with both the neck linker and neck region are responsible for determining directional movement. Lastly, the finding that kinesin-14 moves towards the plus-end of microtubules when interactions between the motor core and neck are interrupted suggests that the catalytic motor core inherently has an slight plus-ended directionality (Sablin et al. 1998) , which in plus-ended motors is amplified by their neck linker and neck interactions, and in minus-ended motors is over-ridden by stronger interactions resulting in minusdirected movement.
Recently, the kinesin-5's isolated from Saccharomyces cerevisiae (Cin8p and Kip1p; Fridman et al. 2013; GersonGurwitz et al. 2011; Roostalu et al. 2011; Thiede et al. 2012) and from Schizosaccharomyces pombe [Cut7p; (Edamatsu 2014) ] have been shown to be able to switch directionality between slow plus-end movement to rapid minus-end movement. In vitro, the switch to plus-end directionality for both Cin8 and Kip1 can be induced by motor coupling when they bind two antiparallel microtubules or by decreasing the ionic strength. At high (physiological) ionic strength, or when on single microtubules, they act as rapid minus-end directed motors, while at low ionic strength, or when cross-linking two antiparallel microtubules, they act as slow plus-end directed motors. This ability for single kinesin motors to change directionality based on environmental conditions provides an opportunity to better understand the underlying factors that regulate directional movement of all members of the kinesin superfamily. Kinesin motors are allosteric enzymes by nature. Therefore, amino acid residue substitutions in the motor domain can yield expected results, yet often produce unexpected or unpredicted pleiotropic effects (Table 5) . Many different substitutions have been discovered in kinesin motors that have been implicated in diseases such as cancer (Rath and Kozielski 2012) or motor neuron degeneration [e.g., hereditary spastic paraplegia; (Ebbing et al. 2008; Fuger et al. 2012) ]. As a general trend, but one not yet considered to be universal across all kinesin members, most tested substitutions lead to a reduced turnover number (k cat ), altered binding affinity for microtubules, and slower in vitro microtubule gliding velocity (Table 5 ). Substitutions in the conserved active site motifs lead to drastically reduced (if not completely abolished) ATPase activity, whereas substitutions in adjacent loops involved in the structural communication pathways between the active site and the microtubule binding region lead to disruption of allosteric regulation of the motor. Recently, the conserved switch-1 serine residue that physically interacts with the divalent metal ion in the active site was substituted with a cysteine; this rendered several kinesin family members inactive with Mg 2+ but swapping metals with Mn 2+ led to the restoration of activity (Cochran et al. 2011) . Interestingly, single substitutions in the neck of kinesin-14 leads to bidirectional motility (Endow and Higuchi 2000) , which should shed light on how the yeast kinesin-5 motors (Cin8p, Kip1p, and Cut7p) show directionality switching behavior (Fridman et al. 2013; Gerson-Gurwitz et al. 2011; Roostalu et al. 2011; Thiede et al. 2012) . Despite the numerous residue substitutions that have been characterized, researchers still have only scratched the surface for using site-specific mutagenesis techniques to probe kinesin structure and function.
Physics
Kinesin-1 is a processive translocase that can take hundreds of steps along the microtubule while consuming 1 ATP molecule per 8-nm (approx.) step (Carter and Cross 2005; Coy et al. 1999; Hua et al. 1997; Iwatani et al. 1999; Ray et al. 1993; Schnitzer and Block 1997; Schnitzer et al. 2000; Svoboda et al. 1993; Vale et al. 1996) . Using the law of mass action and standard thermodynamic equations, the average available free energy of ATP hydrolysis under typical in vitro steadystate ATP turnover conditions equals -74.9 kJ mol -1 or -124 pN nm (see Appendix A for details). The stall force for kinesin-1 has been measured at 5-7 pN using optical trapping methodologies (Schnitzer and Block 1997; Svoboda and Block 1994; Visscher et al. 1999) ; therefore, with an average step size at 8.3 nm (Yildiz et al. 2004) , kinesin-1 is 33-47 % efficient (e.g. 5 pN×8.3 nm=42 pN nm=33 % efficiency) in Song and Endow 1998; Yun et al. 2001 The bold font indicates the amino acid position that was substituted its use of ATP hydrolysis-free energy for moving along the microtubule. The stall force in other dimeric kinesin motors has been determined: kinesin-2 (KLP11/KLP20 heterodimer) at~4 pN (Brunnbauer et al. 2010) , kinesin-3 (Unc104/KIF1A) at 6 pN (Tomishige et al. 2002) , kinesin-5 (Eg5/KSP) at~5 pN (Valentine et al. 2006) , kinesin-7 (CENP-E) at~6 pN (Yardimci et al. 2008) , kinesin-8 (KIF18A/Kip3) at~1 pN (Jannasch et al. 2013) , and kinesin-14 (Ncd) at~1 pN for two to four motors linked via a rigid DNA scaffold with~6-or~22-nm spacing (Furuta et al. 2013) . The motility velocities for these different kinesin family members were typically much slower than that for kinesin-1, and their run lengths were much shorter. Therefore, kinesin motors appear to have a wide range of efficiencies (namely, 9-64 %) for converting the energy of ATP hydrolysis to mechanical motion, as well as for using this energy to carry out different functions in cellular processes.
Processivity is a characteristic of most motor proteins that is defined by the distance traveled along its track before it detaches and diffuses away. Several classes of kinesin motors are quite processive, traveling from several microns through hundreds of ATP hydrolysis cycles before dissociating from their microtubule track. These families include kinesin-1 (Howard et al. 1989) , kinesin-2 (Muthukrishnan et al. 2009 ), kinesin-3 (Soppina et al. 2014 ), kinesin-5 (Valentine et al. 2006 ), kinesin-7 (Yardimci et al. 2008 , and kinesin-8 (Varga et al. 2006) . Early experiments designed to measure the movement of single dimeric kinesin motors tethered to a bead provided the first direct evidence of kinesin processivity (Svoboda et al. 1993) . Presteady-state kinetic analyses of the dimeric kinesin-1 ATP hydrolysis cycle subsequently provided additional evidence for chemical processivity (Gilbert et al. 1995; Hackney 1995a) . Single fluorescently labeled kinesin-1 motors were shown to demonstrate processive motility in solution (Vale et al. 1996) , again supporting this important biophysical characteristic for transport kinesins. The molecular basis for kinesin processivity is chiefly thought to stem from an asymmetric hand-over-hand mechanism that keeps the catalytic cycles in each head Bout-of-phase^with its partner, thus allowing one head to remain tightly bound to the microtubule at any given point along a processive run (Toprak et al. 2009 ). It still remains a mystery why certain kinesin members take a few steps during a processive run (5-10 steps for kinesin-5; Valentine et al. 2006) , while other kinesin members can take thoursands of steps during a processive run (e.g., kinesin-3; Soppina et al. 2014; Soppina and Verhey 2014) . It has been postulated that increased positive charge in the neck region and/or the C-terminal region functions to enhance kinesin processivity (Grissom et al. 2009; Kim et al. 2008; Mayr et al. 2011; Rosenfeld et al. 2009; Stumpff et al. 2011; Su et al. 2011; Thorn et al. 2000; Varga et al. 2009; Weaver et al. 2011) . Another prevailing mechanism for modulating kinesin processivity centers on the length of the neck linker, which is thought to affect mechanochemical gating between partner heads during a processive run (Clancy et al. 2011; Duselder et al. 2012; Miyazono et al. 2010; Shastry and Hancock 2010; Shastry and Hancock 2011; Yildiz et al. 2008) . However, recent work from the Verhey laboratory on kinesin-3 motors clearly shows that these so-called Bsuperprocessive^motors utilize an unknown molecular mechanism to enable this level of processivity (Soppina et al. 2014; Soppina and Verhey 2014) . It is also important to note that not all kinesins are processive (e.g., kinesin-10/ Kid and kinesin-14/Ncd are non-processive mitotic motors), and that in fact some kinesins are not transport motors at all (e.g., kinesin-10/NOD is a non-motile microtubule plus-end tracker and kinesin-13/MCAK is a potent microtubule depolymerase). This variation highlights the diversity of ways that the energy of ATP hydrolysis can be converted into mechanical motion for a variety of biophysical tasks.
Cytoskeletal molecular motors such as kinesin, myosin, and dynein have demonstrated the ability to generate force tangential to the direction of movement along their tracks, thus producing Btorque^in the motor-filament interaction (Nishizaka et al. 1993; Vale and Toyoshima 1988; Walker et al. 1990 ). Kinesin-1 has been shown to processively step along a single protofilament of a microtubule consisting of 13-16 protofilaments (Mori et al. 2007; Ray et al. 1993; Ray et al. 1995; Schaap et al. 2011) , whereas kinesin-2 and kinesin-5 have demonstrated an ability to step along adjacent protofilaments of the microtubule, thus causing the motors to spiral around the microtubule (Brunnbauer et al. 2012; Pan et al. 2010; Yajima et al. 2008) . It was initially thought that the degree of processivity was inversely proportional to torque generation (i.e., that increasing torque generation decreases processivity; Yajima et al. 2008) ; however, the combination of results from several studies strongly disfavor this hypothesis (Brunnbauer et al. 2012; Brunnbauer et al. 2010; Muthukrishnan et al. 2009; Yildiz et al. 2008) . Indeed, recent results suggest that the stability of the neck (not that of the neck linker with the motor core) is responsible for conferring the side-stepping behavior (Brunnbauer et al. 2012) . Understanding how conformational changes in the kinesin dimer's motor domains and the directionally biased selection of microtubule binding sites are biophysically linked during asymmetric hand-over-hand stepping remains a subject for future investigation.
Analysis of the energy landscape of kinesin-5 using isothermal titration calorimetry (ITC) (Fig. 5) revealed an the observed free energy of ATP binding and hydrolysis (ΔG 1 + ΔG 2 ) of -31 kJ mol -1 (-51 pN nm), which represents an energy efficiency of 43 % based on the conditions used in the ITC experiment (ΔG rxn =-72.4 kJ mol -1 or -120 pN nm; Zhao et al. 2010 ). This observed free energy is comparable to the range of work performed by dimeric kinesin-5 (-42 to 49 pN nm; Valentine et al. 2006) , suggesting that the observed thermodynamics of a single kinesin head provides valuable insight into dissecting the structure and function of the motor. One outstanding question: where is the remainder of free energy made available from the hydrolysis of ATP (i.e., approximately -41.4 kJ mol -1 missing free energy)? This remaining chemical free energy that is not converted to mechanical work could get rapidly exchanged (within picoseconds) as entropy production (i.e., dissipated Bheat^) in the surrounding physiological milieu (Ge and Qian 2013; Henry et al. 1986) . If this hypothesis were true, the excess heat should be Bobserved^in the ITC experiment since the instrument physically measures the heat associated with a biochemical reaction. Yet this heat was not observed (Zhao et al. 2010) , therefore refuting the Bdissipated heat^hypothesis. Another hypothesis centers on the Bdeposition^or Bstorage^of the energy into the motor as conformational potential energy, which is used by the motor to promote ADP product release from the active site at a much faster rate than theoretically possible (see below). To put the quantity of missing energy into perspective, this represents a net gain of two to six hydrogen bonds (or some other combination of non-covalent interactions within the motor). It is worth speculating that the source of this conformational potential energy resides within the Bunder-twisted^central β-sheet seen in nucleotide-bound kinesin structures (Fig. 4) .
Nevertheless, the accounting of the free energy from the reaction remains a mystery.
Kinesin motors typically bind P i very weakly and ADP very tightly (Hackney 1988) . Consequently, the release of these products is thermodynamically unfavorable-but necessary-to get the enzyme to the beginning of the next cycle. The calculated free energy of P i binding to kinesin-5 (-ΔG 3 ) was -3.3 kJ mol ). The transition state free energy for ATP hydrolysis (ΔG ‡ 2 ) and P i release (ΔG ‡ 3 ) are modeled using the minimum intrinsic rate constants for both steps at 10 s -1 [see Cochran and Gilbert (2005) for details on how this minimum rate was determined].
Once kinesin-5 releases the bound P i product and reaches the ADP-bound state (state Bd^in Fig. 5 ), a very large thermodynamically unfavorable transition must occur for ADP to be released from the active site (i.e., to reach state Ba^in , which means that if the mechanism of ADP release happened in a single step (where the motor utilizes thermal energy from the surrounding environment), then the rate of the reaction (determined using Arrhenius/Eyring/ Kramers rate theory) should be 7.2×10 -6 s -1
, which is approximately 2,900-fold slower than the observed rate of ADP release from kinesin-5 (k +5' =0.02 s -1 ; Cochran and Gilbert 2005; Cochran et al. 2004; Zhao et al. 2010) . Therefore, another intermediate state along the pathway must exist (state Be^in Fig. 5 ), and this state must somehow avoid microscopic reversibility (i.e., when the enzyme is in state Be^, the probability of returning to state Bd^rather than proceeding to state Ba^is 671,000:1 under the fundamental principles of microscopic reversibility) and thus act as a molecular thermal ratchet. It has been postulated that the release of Mg 2+ and ADP from the kinesin⋅MgADP intermediate (state Bd^) occurs sequentially along the ATPase pathway. For kinesin-1, this takes the form of slow, rate-limiting Mg 2+ release followed by rapid ADP release (Hackney and Stock 2008) . For kinesin-5, it appears that a similar mechanism of MgADP release is utilized, but the intrinsic rate constants which govern these reactions lead to relatively rapid Mg 2+ release followed by slow, ratelimiting ADP release (unpublished data). The existence of isomerization state Be^on the reaction path, as presented in Fig. 5 , is supported since the concentration of Mg 2+ modulates the observed rate of ADP product release in kinesin-5 (unpublished data), as well as in other kinesins (Hackney and Stock 2008; Nitta et al. 2008) . Also, kinesin-5 shows very weak 
s transition state free energy using previously determined kinetic rate constants for the monomeric kinesin-5 ATPase mechanism (Table 1) . Adapted and updated from Zhao et al. (2010) ADP binding in the absence of Mg 2+ (unpublished data), which is consistent with the notion that the free energy of state Be^is linked to the occupancy of the divalent ion in the active site. Future biophysical investigations surrounding these reactions in the kinesin ATPase cycle will be central to gaining an understanding of force generation and mechanochemical gating in kinesin motors.
Where is the mechanical motion produced in the kinesin ATPase cycle? Even for kinesin-1, this question has been answered differently and the issue remains controversial (Block 2007) . Nevertheless, this is a very important and outstanding question for other kinesin families, particularly for the mitotic kinesins, since inhibition of force production would provide a plausible therapeutic strategy. Mechanical output requires communication between the two motor domains in a dimeric kinesin-1 molecule; yet just how this communication occurs is still unclear. Most theories suggest that communication occurs through a Bgating^mechanism where a mechanistic step in one motor domain is blocked until a certain step is taken in the other motor domain (Block 2007 ). This gating mechanism could be chemical in nature, such that ATP binding to the one head is prohibited until the other head dissociates from, or attaches to, the microtubule (Block et al. 2003; Guydosh and Block 2006; Klumpp et al. 2004b; Rosenfeld et al. 2003) , or mechanical in nature, such that a conformational change in one head pulls the other head off the microtubule (Hancock and Howard 1999; Spudich 2006; Yildiz et al. 2008) . Of course, it is likely that the actual mechanism of communication utilizes both types of gating, as they are not mutually exclusive.
Conclusions
As we near the 30th anniversary of the discovery of kinesin motors, we have uncovered many interesting chemical, structural, and physical insights into several members of the superfamily. Yet a series of important outstanding questions remain unanswered:
& What are the biophysical characteristics of Bunconventional^kinesins? When you compare the number of kinesin motors that have been studied to date and the number of kinesins that exist in nature (1,624 putative members; Wickstead et al. 2010) , it is clear that much work is ahead of us. Several studies of various Bconventional^kinesins (not to be confused with conventional kinesin, kinesin-1) have provided a biochemical/structural/mechanical model with variations between the different families studied (e.g., similarities and differences between kinesin-1, kinesin-5, kinesin-13, and kinesin-14 families). However, it remains to be seen how long this model will persi st. Indeed, with the characterization of Bunconventional^kinesins, researchers are led back to their favorite kinesin and design a series of experiments to test various aspects of the already well-characterized family members. As just one example, when we solved the crystal structure of one of the most distant Bunconventional^kinesins in the superfamily (Drosophila melanogaster NOD), we identified two proline residues in L5 that physically interacted with helix α3 (Cochran et al. 2009 ). Another research group proceeded to mutate one of these conserved L5 proline residues in human kinesin-5 to demonstrate that L5 acts a conformational latch in kinesins (Behnke-Parks et al. 2011) . & How do different kinesins utilize distinct nucleoside triphosphorylase mechanisms to either promote MT motility or to regulate MT polymerization dynamics for force generation? Differences in the kinesin superfamily show that some kinesins walk along microtubules (e.g., kinesin-1, kinesin-5, and kinesin-7), some take a few steps along microtubules in order to establish tension in the mitotic spindle (e.g., kinesin-14), while some kinesins are not motile, but instead use this energy to destabilize microtubule polymers (e.g., kinesin-13) or promote microtubule polymerization (e.g., kinesin-10). How are these vastly different outputs generated from a common motor core? Structures of these motor cores are known, but it is still unclear how subtle differences give rise to these different functions. & How can the same kinesin walk in different directions on the microtubule? At the turn of the century, the kinesin community would have overwhelmingly agreed that regions outside of the kinesin motor core determine the direction of movement (for review, see Wade and Kozielski 2000) . The experiments that generated chimeric versions of kinesin-1 (plus-end directed) and kinesin-14 (minusend directed) demonstrated that the linker sequences immediately adjacent (~2-3 residues) to the motor core (β1-α6) dictate directionality along the microtubule. However, recent studies with native yeast kinesin-5 motors (i.e., not chimeric constructs) show directional switching that is dependent on motor-microtubule density, ionic strength, and/or parallel versus antiparallel microtubule orientation (Fridman et al. 2013; Gerson-Gurwitz et al. 2011; Roostalu et al. 2011; Thiede et al. 2012 ). It will be interesting to develop a better understanding of the molecular mechanism that dictates this biophysical conundrum. & Why does the β-sheet Btwist^during the ADP-ATP exchange process? Study of the twisting of the central β-sheet during the ADP-ATP exchange steps of the cycle is an emerging trend in kinesin biophysics. How does Btwisting^of the β-sheet in molecular motors facilitate mechanochemistry and force production? Does the twisting provide a mechanism for storing conformational potential energy in order for kinesins to rapidly release ADP product and start a new cycle with ATP binding? Does the Bover-twisting^and Bunder-twisting^of the β-sheet contribute to the thermodynamics and mechanics of force generation in kinesins? These questions will be important to answer in the near future, yet the appropriate experimental design will be essential to narrow the interpretation of data in supporting or refuting these hypotheses. & How do specific macromolecular interactions between kinesin and microtubules (or soluble tubulin for some kinesins) stimulate enzymatic activity? Although we have very solid experimental support for microtubule stimulation of the kinesin ATPase cycle, we still lack a detailed structural model that answers this question. Cryo-EM structures and X-ray crystal structures of kinesin-tubulin complexes have advanced our understanding of the molecular interface, although much work remains to complete our understanding of the molecular dynamics of this interaction. Given the large number of atoms that comprise the kinesin-tubulin complex, technological advances in computational power will be necessary to simulate this interaction in order to generate detailed structural hypotheses that can be tested in the laboratory. & How are kinesin, myosins, and G proteins related? Since the structures of myosin (Rayment et al. 1993 ) and kinesin (Kull et al. 1996) were initially determined, many structural and functional similarities have been observed to be shared between the motor proteins and small G proteins. These similarities include common nucleotide binding motifs (mentioned earlier), common active site chemistry, and common secondary structure topology in the catalytic domain (Kull et al. 1998) . G proteins show exclusive preference for using GTP hydrolysis for its cellular function (GTP binds~10 7 -fold tighter than ATP; Goody et al. 1992) , while kinesins have historically been thought to use ATP hydrolysis (ATP binds~10 2 -fold tighter than GTP; Gilbert and Johnson 1993) . Nevertheless, given the vast wealth of independent studies on molecular motors and small G proteins, there remain many unanswered questions on the conservation of base specificity and nucleotide hydrolysis mechanisms for these hydrolases. Given the allosteric nature of kinesin enzymes and the relatively Bloose^pocket for the nucleotide base, can certain kinesin family members use either GTP or ATP for energy transduction? If so, what are the unique features in the catalytic domain that provide a structural basis to explain these differences in the catalytic mechanism? Future research will provide insight into the conserved and nonconserved mechanisms between molecular motors and molecular switch proteins.
